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the molecular clock components Cryptochrome (Cry1 and Cry2) and Period (Per1, Per2, and Per3). CRY and PER dimerize and suppress their own transcription in a 24-hour oscillation. Bmal1 is the only clock component where singular knockout (KO) results in complete behavioral arrythmicity [2] . The master circadian clock, the suprachiasmatic nucleus (SCN), located in the hypothalamus, sends direct vasopressin-containing projections to AVPV Kiss1 neurons [3, 4] and vasoactive intestinal peptide-containing projections to GnRH neurons [5, 6] . Additionally, Bmal1 and other clock genes have been identified in Kiss1 neurons, GnRH neurons, and pituitary, indicating several sites of potential temporal regulation of the preovulatory surge and fertility [7] [8] [9] .
In GnRH neurons in vitro, disruption of endogenous circadian rhythms affects GnRH release and Kiss1 receptor expression [10, 11] . Bmal1 has been localized to Kiss1 neurons in both the AVPV and arcuate nucleus (ARC) [7, 12] . Kiss1 production and Fos, an immediate early gene and marker of neuronal activation, are upregulated in the AVPV at the time of the preovulatory LH surge [13] , which only occurs in the presence of estrogen and in the late subjective afternoon. Importantly, this upregulation persists in constant darkness, indicating a circadian component to this regulation, which may arise from SCN projections to the AVPV or endogenous clocks within AVPV Kiss1 neurons. From this work, it has been hypothesized that the endogenous clocks within GnRH or Kiss1 neurons provide temporal gating of the preovulatory surge [3] .
Bmal1 KO males and females are infertile [2, 14] . In females, the infertility is due in part to a defect in progesterone synthesis in the ovary, resulting in implantation failure [14] . However, the somatic Bmal1 KO also confers hypothalamic disruptions: steroidogenic cell-specific Bmal1 KO ovaries are capable of producing offspring when transplanted into a wild-type (WT) animal, indicating that the inability to sustain pregnancy in the somatic Bmal1 KOs is not strictly ovarian [15] . Furthermore, gonadotrope-specific Bmal1 KO mice have no reproductive deficits, indicating that Bmal1 in the pituitary is not regulating the reproductive phenotype of the somatic Bmal1 KO [16] . Of considerable interest is the finding that the Bmal1 KO female ovulates (although infrequently), but it shows no detectable LH surge as measured by LH sampling every 3 hours through proestrus and estrus [16] . A similar phenotype has been described in the Clock/Clock mutant mouse, which possesses a dominant-negative form of Clock that arrests the molecular clock [17] . These findings indicate differential regulation of the hypothalamic-pituitary-gonadal axis in these animals, although whether this disruption arises from loss of clock genes at the level of the SCN, GnRH, or Kiss1 neurons is unknown. To address this question, we sought to determine whether an LH surge could be induced in Bmal1 KO females at the appropriate time, and whether hypothalamic-pituitary-gonadal axis function was intact in these mice. We also sought to determine whether Bmal1 within either GnRH or Kiss1 neurons is responsible for the LH surge defect in the somatic Bmal1 KO females.
Materials and Methods

A. Animals
Bmal1 floxed mice [18] were obtained from The Jackson Laboratory (Bar Harbor, ME) and used to generate the global and conditional Bmal1 KO lines [19] . Global Bmal1 KO mice were obtained by crossing a Bmal1 floxed mouse with a ZP3-Cre mouse [20] , as described and validated in Schoeller et al. [21] . Bmal1 KO mice were maintained through heterozygous matings, with WT littermates serving as controls.
The GnRH-Bmal1 2/2 mouse was created by crossing a GnRH-Cre mouse (from Dr. Andrew Wolfe, Johns Hopkins University School of Medicine, Baltimore, MD) [22, 23] with the Bmal1 floxed mouse. The Kiss-Bmal1 2/2 mouse was created by crossing a Kiss-Cre mouse (from Dr. Carol Elias, University of Michigan, Ann Arbor, MI) [24, 25] with the Bmal1 floxed mouse. The Alb-Bmal1 2/2 mouse was created by crossing an Albumin-Cre mouse from The Jackson Laboratory [26, 27] with the Bmal1 floxed mouse. Resulting offspring homozygous for the Bmal1 flox allele and heterozygous for Cre were used for experiments; homozygous flox, crenegative littermates were used as controls (Bmal1 fl/fl ). All mice were genotyped using PCR with tail DNA. Genotyping of all lines, as well as recombination evaluation, was performed using the following genotyping primers: Bmal1F1, 5
0 . Mice with germline recombination were excluded from analysis. Mice were housed under a 12-hour light/12-hour dark cycle (lights on at 0600 hours) with ad libitum access to food and water except where noted. All procedures were approved by the University of California San Diego Institutional Animal Care and Use Committee.
B. GnRH and Kisspeptin Challenges
For GnRH and kisspeptin challenges, a baseline tail vein blood sample was collected. After IP injection of GnRH (catalog no. L7134; Sigma-Aldrich, St. Louis, MO) or kiss-10 (catalog no. 4243; Tocris Bioscience, Bristol, UK), tail vein blood samples (10 mL) were collected after the indicated time. GnRH was injected at 1 mg/kg. For the single kiss-10 challenge and time course, 30 nmol was administered (~2 mg/kg). For the kiss-10 dose-response curve, kisspeptin was tested at 0.01 to 3 mg/kg. Animals were allowed to recover for at least 1 week between doses. For the two sequential kiss-10 challenges, a dose of 2 mg/kg was used. All challenges were performed between zeitgeber time (ZT)6 and ZT8 in diestrus animals. For the dose response, kiss-10 doses were given in a random order across groups. Blood was allowed to clot for 90 minutes and then centrifuged at 2000 3 g for 15 minutes. Serum was collected and stored at 220°C until LH measurement. Samples were run in singlet on a Milliplex analyzer (MPTMAG-49K; MilliporeSigma, Burlington, MA) using a Luminex Magpix (LH: lower detection limit, 4.8 pg/mL; intraassay coefficient of variation, 15.2%; interassay coefficient of variation, 4.7%).
C. Fertility Assays
Estrous cycling was performed by morning vaginal lavage for at least 21 consecutive days. Vaginal swabs were collected, dried, stained with methylene blue, and scored for the presence of leukocytic cells, small nucleated cells, large nucleated cells, and anucleated cells [28] . Fertility and fecundity were measured following male/female pairings for 100 days. Males used were nonrelated WT mice. Time to first litter, total number of litters, and average litter size at weaning were recorded for all pairs.
D. Pubertal Onset Measurement
In females, pubertal onset was measured by daily inspection for the presence of a vaginal opening as determined by visual assessment of the vulva [29] . Postnatal day and body weights were measured on the day of pubertal onset, as body weight is known to influence the onset of puberty [30] .
E. LH Surge Paradigm
The LH surge was induced using an injection paradigm described in Bosch et al. [31] . Briefly, animals underwent bilateral ovariectomy. Five days following the procedure, animals were given a subcutaneous injection of 0.25 mg of b-estradiol (EB; catalog no. E8875; Sigma-Aldrich) in 100 mL of sesame oil (catalog no. S3547; Sigma-Aldrich) at ZT10. On the following day, the animals were given a subcutaneous injection of 1.5 mg of EB in sesame oil (100 mL) at ZT10. On the following day, 7 days after ovariectomy, the animals were euthanized at ZT4 (1000 hours) or ZT12 (lights off; 1800 hours) and blood was collected for LH measurement.
F. Measurement of mRNA Expression in Tissue Samples
mRNA was measured from fresh-frozen pituitary or brain. Brains and pituitaries were removed following decapitation and placed immediately on dry ice. The brains and pituitaries were stored at 280°C until micropunch or RNA isolation. All micropunches were 2 mm in diameter and punched from 200-mm-thick brain sections sliced on a cryostat (Leica Biosystems, Wetzlar, Germany) and were guided by a mouse brain atlas [32] .
F-1. AVPV
Collection began when the anterior commissure connected (bregma 0.26 mm) and ended at the start of the SCN, which was inferred by the flattening of the optic nerve and the disappearance of the anterior commissure (bregma 20.10 mm). One punch was taken per slice (two to three slices per animal). The punch was oriented up so that it contained the region ventral to the anterior commissure, right along the midline.
F-2. ARC
Collection began with the development of the median eminence at the anterior (bregma 2 1.58 mm) and ended at the shortening of the third ventricle (bregma 22.18 mm). One punch was taken per slice, and the punch was so that only the ventral portion of the slice was taken, with the apex of the punch approximately halfway down the third ventricle. Three to four slices were taken per animal.
F-3. Preoptic area
Preoptic area (POA) punches were taken from the medial portion of the brain between the anterior commissure bulbs, beginning at the appearance of the lateral ventricles (bregma 1.10 mm) and extending to the bridging of the anterior commissure (bregma 0.38 mm). One punch was taken per slice, two to three slices per animal.
For other studies, whole hypothalami were grossly dissected from the ventral surface of the brain. RNA was extracted using the RNeasy Micro Plus kit (Qiagen, Venlo, Netherlands), 500 ng of total RNA was reverse transcribed using iScript (Bio-Rad Laboratories, Hercules, CA), and the cDNA was stored at 220°C until use in quantitative real-time PCR (qPCR).
To detect gene expression, qPCR was performed on each cDNA sample in triplicate using the Bio-Rad CFX Connect real-time system and the SYBR Green Master Mix (Bio-Rad Laboratories). Standard curves were generated for each product using a dilution series for each primer set to verify 100% 6 5% efficiency, and a single product was verified using melt curve analysis. Products were sequenced for confirmation (Eton Biosciences, San Diego, CA). Data were analyzed using H2afz and Ppia as housekeeping genes using the 2 2DDCT quantification method. Primers are shown in Table 1 . All findings are reported as fold change relative to the indicated control.
G. Constant Darkness Conditions
Mice were anesthetized with isoflurane and implanted with sterile radio telemeters (Mini Mitter, Bend, OR) and allowed to recover for 1 week. Following recovery, mice were individually housed and acclimated to chambers in 12-hour light/12-hour dark conditions for 4 weeks and then changed to constant darkness conditions for 6 weeks. Ovaries were collected at the time of euthanization for histology. Telemetry data were analyzed using ClockLab (Actimetrics, Wilmette, IL).
H. Ovarian Histology
Ovaries were collected from mice upon euthanization and immediately placed in tissue fixation solution (60% ethanol, 30% formaldehyde, 10% glacial acetic acid) for 24 hours. The solution was changed to 70% ethanol the following day and replaced with fresh 70% ethanol after 24 hours. Tissue was dehydrated and processed for paraffin embedding. The ovaries were sectioned using a microtome at 20 mm, with three to four sections per slide, and dried overnight at 37°C. A hematoxylin and eosin stain (Sigma-Aldrich) was used to distinguish ovarian morphology. Corpora lutea and Graafian follicles were counted on every fifth section for each sectioned ovary. The section with the greatest number of corpora lutea or Graafian follicles was used as the representative number for that animal.
I. Immunofluorescence
Brains were dissected at the time of euthanization for the LH surge (lights off, ZT12). Brains were fixed in a solution made of 30% formaldehyde, 60% ethanol, and 10% glacial acetic acid and placed on a shaker. The following 2 days, brains were transferred to fresh 70% ethanol. Brains were paraffin embedded and cut in 10-mm sections on a microtome. Slides were deparrafinized using Histo-Clear (National Diagnostics, Atlanta, GA) and underwent antigen retrieval in Citra buffer (BioGenex, Fremont, CA) in a 2100 Retriever (Aptum Biologics, Southampton, UK). Slides were blocked in Bloxall (Vector Laboratories, Burlingame, CA), followed by an avidin and protein block (Vector Laboratories). Slides were incubated overnight in 1:5000 guinea pig anti-Bmal1 (catalog no. AB2204; EMD Millipore, Temecula, CA) [33] and 1:2000 rabbit anti-GnRH (catalog no. 20075; ImmunoStar, Hudson, WI) [35] . To visualize BMAL1, slides were incubated in 1:300 biotin anti-guinea pig (catalog no. BA-7000; Vector Laboratories) [36] for 1 hour, an ABC reagent (Vector Laboratories) for 30 minutes, a biotinylated tyramide (PerkinElmer, Waltham, MA) for 10 minutes, and then 1:200 streptavidin DyLight 488 (Invitrogen, Rockford, IL) for 30 minutes. Between steps, slides underwent three to four washes in PBS. All antibody incubations occurred in PBS with 2% Tween 20 (SigmaAldrich) and 5% goat serum (Vector Laboratories). To visualize GnRH, slides were then incubated with 1:100 goat anti-rabbit Alexa Fluor 594 (catalog no. A11012; Life Technologies, Eugene, OR) [37] for 30 minutes. Slides were coverslipped using ProLong anti-fade reagent with 4 0 ,6-diamidino-2-phenylindole (DAPI; Cell Signaling Technology, Danvers, MA).
J. Fluorescent Imaging and Colocalization Analysis
All fluorescent images were collected at the University of California San Diego Nikon Imaging Center with a Nikon Eclipse Ti2 equipped with Plan Apo 320 0.75 numerical aperture or 340 S Fluor 0.9 numerical aperture objectives. Fluorescence was excited using the Aura II light engine (Lumencor, Beaverton, OR) with 395, 470, or 555 light-emitting diodes. The Table 1 . Primers for qPCR
Abbreviation: TH, tyrosine hydroxylase.
images were collected using a Nikon DS-Qi2 camera and NIS Elements 5.10 software. Three independent observers that were blinded to conditions analyzed for colocalization. Images were uploaded to an OMERO server and analyzed using the Fiji distribution of ImageJ [38] .
Figures were created using OMERO.webclient [39] .
K. Statistical Analysis
T-tests and one-and two-way ANOVA were performed using Prism 6 (GraphPad Software, San Diego, CA) with P # 0.05 indicating significance. Significant effects were followed with a Sidak post hoc test (P , 0.05).
Results
A. Bmal1 KO Females Do Not Show an Inducible LH Surge at Lights Out, But They Do Show Time-and Estrogen-Dependent Regulation of AVPV Kiss1 and Fos
To determine the ability of Bmal1 KO females to respond to an induced LH surge paradigm, mice were ovariectomized and estrogen treated according to Bosch et al. [31] . In this paradigm, mice are allowed to recover from ovariectomy for 4 days, followed by a low-dose (0.5 mg) and high-dose (1.5 mg) injection of EB at ZT4 on recovery days 5 and 6, respectively. On day 7, mice were killed at ZT4 or ZT12 and blood was measured for LH. At ZT4, basal LH levels were measured for WT (1.59 6 0.20 ng/mL LH, n = 5) and Bmal1 KO (1.04 6 0.26 ng/mL LH, n = 5) (Fig. 1A) . At ZT12, WT mice show an expected increase in LH (7 of 10 mice had LH values .2.0 ng/mL, which was defined as an LH surge with our LH assay; 4.90 6 1.35 ng/mL), which was significantly higher than LH levels in the Bmal1 KO females (8 of 8 mice ,2.0 ng/mL LH; 0.82 6 0.05 ng/mL). These findings are consistent with previously reported data from Bmal1 KO mice in an endogenous surge model [16] .
Because time-and estrogen-dependent regulation of Kiss1 in the AVPV is thought to contribute to the LH surge, we examined mRNA expression of Kiss1 and Fos, an immediate early gene used as a marker of neuronal activation, from AVPV micropunches taken from WT and Bmal1 KO females from the experiment described above. We found that although both WT and Bmal1 KO females had a significant increase in Kiss1 mRNA in the afternoon time points, there was no difference between the groups, indicating a normal time-and estrogenresponsive Kiss1 increase in Bmal1 KO females (Fig. 1B) . Similarly, Fos was significantly upregulated at the time of the LH surge, but there was no significant difference between WT and Bmal1 KO levels at either time point (Fig. 1C) .
B. Bmal1 KO Females Have Increased Responsiveness to Kisspeptin
Because AVPV Kiss1 production and estrogen responsiveness is intact in Bmal1 KO females, and this region is activated during the time of the LH surge, we next wanted to determine whether LH responsiveness to hypothalamic peptide stimulation was altered. All experiments were performed around ZT4 in diestrous females. We found that 1 mg/kg IP GnRH significantly increased LH after 10 minutes in both WT and Bmal1 KO mice, but there was no significant difference between WT and Bmal1 KO in the LH values, indicating normal pituitary responsiveness to GnRH (Fig. 2A) . Next, we administered 30 nmol of kiss-10 IP and measured subsequent serum LH responses after 10 minutes. We saw a significant increase in serum LH in Bmal1 KO females compared with WT mice (Fig. 2B) .
To determine whether the increased responsiveness to kisspeptin in Bmal1 KO females was due to a difference in kisspeptin metabolism, we performed a time course and examined the LH response to 30 nmol of kisspeptin after 5, 10, 15, 20, 30, and 45 minutes (Fig. 3A) . Bmal1 KO females had an increased LH response to kiss-10, as well as an increased area under the curve (Fig. 3A and 3B) .
Next, we examined the dose-response relationship between kisspeptin treatment and LH response in Bmal1 KO and WT females. Diestrous mice were administered 0.01 to 3.0 mg/kg kiss-10, and serum LH was measured after 10 minutes (for comparison, the 30-nmol dose used in the time course is~2 mg/kg for a 20 g mouse). Post-kiss-10 LH values were fit to a four-parameter logistic curve, where the model favored different curves for the Bmal1 KO vs WT response (comparison of fits, P , 0.016; Fig. 3C ). There was no significant difference in the EC50 or Hill slope, but the maximum was significantly greater in the Bmal1 KO (4.18 6 0.61 ng of LH) vs WT mice (2.11 6 0.2 ng of LH; P , 0.018, t test).
To determine whether the increase response to kiss-10 may be due to lower kisspeptin levels in the Bmal1 KO animals, we performed two kiss-10 challenges 1 hour apart to "prime" the hypothalamus. Challenges 1 and 2 occurred as described above: prechallenge tail blood was sampled, animals were administered 2 mg/kg kiss-10, and postchallenge blood was collected 10 minutes later. One hour after the first trial, we performed an identical challenge on the same mice. We found that the LH response in Bmal1 KO females in the second challenge was significantly higher than in the first challenge (Fig. 3D) .
Bmal1 in the liver has been implicated in drug metabolism [40] [41] [42] ; to further confirm that the heightened response to kisspeptin was not due to a metabolic effect, we also compared kisspeptin responsiveness in the liver-specific Bmal1 KO, Albumin-Cre 3 Bmal1 flox/flox (AlbBmal1 2/2 ) mice. There was no difference in LH response to kiss-10 in the Alb-Bmal1
females compared with females ( Fig. 3E and 3F) , supporting hypothalamic or pituitary sensitivity to kisspeptin in the Bmal1 KO mice. 
C. Bmal1 KO Females Have Normal Hypothalamic Gene Expression
We next evaluated mRNA expression in the ARC, AVPV, POA, and pituitary between Bmal1 KO and WT females. We hypothesized that Bmal1 KO females may have an increase in kisspeptin responsiveness due to expression differences in Dynorphin, which modulates kisspeptin release, or Kiss1R, the kisspeptin receptor, in the ARC or pituitary. We found no significant difference between WT and Bmal1 KO females in the expression of either gene from ARC micropunches (Fig. 4A) . Alternatively, the lack of an LH surge in the Bmal1 KO mice may be due to an inability to process signals from the SCN. We then examined AVPV expression of V1a, the vasopressin receptor that is proposed to mediate vasopressincontaining signals from the SCN, and tyrosine hydroxylase (TH), which is commonly coexpressed with AVPV Kiss1 neurons and was used to indicate punch quality (Fig. 4B) . We found no difference in the expression of these genes from AVPV micropunches between WT and Bmal1 KO females. We also examined GnRH and Kiss1R receptor expression from POA micropunches, where we again found no difference in mRNA expression between WT and Bmal1 KO females (Fig. 4C) . Finally, because kisspeptin has been shown to induce LH release from pituitary explants from rats [43] , we examined the pituitary for differences in FSHb and LHb, the GnRH receptor (GnRH-R), and Kiss1R (Fig. 4D) . Again, we found no significant differences between WT and Bmal1 KO animals. These results indicate that the differential response to kisspeptin seen in the Bmal1 KO females does not appear to be due to the expression of known hypothalamic genes that would regulate basal kisspeptin release, LH or FSH production, or kisspeptin or GnRH responsiveness.
D. Conditional KO of Bmal1 in GnRH or Kiss1 Neurons Has No Effect on Female Fertility
To determine whether the lack of the LH surge in Bmal1 KO females could be due to the loss of Bmal1 in either GnRH or Kiss1 neurons, we created two mouse lines to delete Bmal1 in these populations: a GnRH-Bmal1 2/2 mouse, in which GnRH-cre was crossed with Bmal1 flox/flox to knock out Bmal1 from GnRH neurons, and a Kiss-Bmal1 2/2 mouse, in which Kiss-cre was crossed with Bmal1 flox/flox to knock out Bmal1 from Kiss1 neurons. The conditional KO was validated in the GnRH-Bmal1 2/2 mice using immunofluorescence. In Bmal1 fl/fl controls, we found most (73 of 107 neurons; 68%) GnRH neurons coexpressed Bmal1 ( Fig. 5A ; 24 to 49 cells from three animals). In GnRH-Bmal1 2/2 animals, we detected colocalization of Bmal1 and GnRH in only 9 of 76 neurons ( Fig. 5B; 12% ; 11 to 29 cells from four animals). The number of colocalized neurons was significantly reduced between Bmal1 fl/fl and GnRH-Bmal1 2/2 animals, and GnRH colocalization was only detected in one of the four animals examined (Fig. 5C ). In the Kiss-Bmal1 2/2 line, we measured Bmal1 recombination in micropunches from the AVPV, ARC, cortex, thalamus, and cerebellum of Bmal1 fl/fl and Kiss-Bmal1 2/2 animals. Our data show that there was Bmal1 recombination present in the AVPV and ARC, consistent with an effective conditional KO.
The age (Fig. 6A) and weight ( Fig. 6B ) of pubertal onset as indicated by vaginal opening was not significantly different between GnRH-Bmal1 2/2 , Kiss-Bmal1 2/2 , and Bmal1 fl/fl littermate controls. Daily vaginal cytology revealed no significant differences between the groups in the percentage of time spent in each stage (Fig. 6C ) or cycle length (Fig. 6D) .
To confirm ovulation histologically, ovaries were collected from GnRH-Bmal1 2/2 , Kiss1-Bmal1 2/2 , and Bmal1 fl/fl mice and examined following hematoxylin and eosin staining. Graafian follicles and corpora lutea were quantified ( Fig. 6E and 6F) . Next, we sought to determine whether the entrainment to the light/dark cycle might mask any population-specific KO effects by examining the mice following 6 weeks of constant darkness. GnRH-Bmal1 2/2 and Kiss1-Bmal1 , 23.7 6 0.02, n = 3), indicating no disruption of circadian activity in these mice, as expected. We observed an increase in the number of Graafian follicles in Bmal1 fl/fl and Kiss-Bmal1 2/2 mice in animals in constant darkness and a trend toward an increase in GnRH-Bmal1 2/2 mice in constant darkness, although this experiment had a small sample size (n = 2) due to a histology error. There were no differences between the groups among respective lighting conditions. We observed no difference in corpora lutea between groups or lighting conditions. Overall, we detected no differences in either structure between the conditional KO mice and Bmal1 fl/fl mice, indicating that these mice were still able to ovulate in constant dark conditions.
We did not detect any differences in fecundity between GnRH-Bmal1 2/2 mouse, but not in regions lacking Kiss1 expression (~0.57-kb band). Recombination in a Bmal1 KO tail sample is shown as a positive control. ***P , 0.001. Cere., cerebellum; NTC, no template control; Thal., thalamus.
for 100 days, with additional monitoring for 30 days after the male was removed. During the course of the experiment, there was no difference in the time to first litter (Fig. 7A) , number of litters (Fig. 7B) , or litter size (Fig. 7C) . Overall, these findings reveal no major fertility defects in the GnRH-Bmal1 2/2 or Kiss-Bmal1 2/2 mice.
E. GnRH-Bmal1
2/2 and Kiss-Bmal1 2/2 Mice Show an Inducible LH Surge and Have Normal Hypothalamic-Pituitary-Gonadal Axis Responsiveness
GnRH-Bmal1
2/2 , Kiss-Bmal1 2/2 , and Bmal1 fl/fl littermates were ovariectomized and estrogen treated as described above. We found no difference in serum LH among groups at the time of lights off, indicating that both the GnRH-Bmal1 2/2 and Kiss-Bmal1 2/2 mice are capable of producing an LH surge at the correct time of day (Fig. 8A) . These data suggest that the lack of LH surge in the whole-body Bmal1 KO mouse is not due to loss of Bmal1 in either GnRH or Kiss1 neurons, or that any few remaining neurons containing Bmal1 are sufficient to retain enough responsiveness for the surge.
Next, we evaluated the LH response to exogenous GnRH and Kiss1 in gonad-intact, diestrous GnRH-Bmal1 2/2 , Kiss-Bmal1 2/2 , and Bmal1 fl/fl mice. GnRH (1 mg/kg IP) significantly increased LH after 10 minutes in all groups, but we detected no significant difference between GnRH-Bmal1 2/2 , Kiss-Bmal1 2/2 , and Bmal1 fl/fl females, indicating normal pituitary responsiveness to GnRH (Fig. 8B) . Similarly, we found that kisspeptin (30 nmol IP) increased LH in all groups, with no significant differences between the groups (Fig. 8C) , and it did not reproduce the increased responsiveness of the Bmal1 KO mouse. Overall, these findings suggest no major differences in hypothalamic or pituitary responsiveness in the GnRH-Bmal1 2/2 and Kiss-Bmal1 2/2 females compared with Bmal1 fl/fl females.
Discussion
The Bmal1 KO female fails to produce an LH surge [16] , although the mechanism for the loss remains unclear. In this study, we demonstrate that in an induced surge paradigm, Bmal1 KO females are still capable of appropriate time-and estrogen-dependent Kiss1 and Fos upregulation in the AVPV; however, this is insufficient to generate an LH surge. We demonstrate that the absence of LH release in the presence of increased Kiss1 mRNA does not arise from a difference in kisspeptin responsiveness; in fact, Bmal1 KO females show greater LH response to kisspeptin than do WT females. Furthermore, we found no differences in hypothalamic or pituitary gene expression of FSHb, LHb, GnRH-R, or Kiss1R. We show by Cre-mediated recombination of Bmal1 in either GnRH or Kiss1 neurons that Bmal1 in those neuronal populations is not responsible for the infertility, loss of the LH surge, or the increased kisspeptin responsiveness in the Bmal1 KO mice. These findings suggest that endogenous clocks within these discrete neuronal populations are not necessary for the preovulatory LH surge and fertility, and instead they support the importance of direct SCN projections to Kiss1 and GnRH neurons. The absence of the LH surge in the Bmal1 KO female mouse is particularly compelling. Chu et al. [16] used intact cycling mice and measured LH every 3 hours from a 24-hour period beginning early proestrus through estrus. They found no detectable rise in LH in the Bmal1 KO females, but confirmed ovulation through examination of the oviduct. Although these findings do not conclusively establish that the LH surge did not occur, they do suggest that the dynamics of such a surge are different from those in WT mice. These findings are similar to observations in the Clock/Clock mutant mouse, in which an estrogen-induced LH surge model with hourly sampling showed no LH surge as opposed to that in the WT mouse [17] . Our findings support the conclusion that Bmal1 KO females are unable to generate an LH surge in an estradiol-induced paradigm at lights off. Overall, these data suggest that either dynamics of the LH surge in circadian mutant mice is dramatically different from what is observed in their WT counterparts, or that circadian mutation reveals a noncanonical ovulation mechanism.
Despite the absence of the LH surge, our findings show that Bmal1 KO females demonstrated increased Kiss1 and Fos mRNA at the time of lights out, suggesting no disruption in the pre-surge AVPV response. Previous work has demonstrated a reliable and repeatable rise in both Kiss1 and Fos, a marker of neuronal activation, at the time of the preovulatory surge [3, 13] . This event persists in constant darkness, indicating that it is controlled by circadian rhythms rather than light [13] . In micropunches from the AVPV, we saw similar increases in both Kiss1 and Fos mRNA in the Bmal1 KO females as in WT females. Although these findings do not localize Fos to the Kiss1 neurons specifically, these data suggest that the mechanism of Kiss1 neuron activation is intact in the Bmal1 KO females and may be independent of clock function as a whole.
The absence of an LH surge despite increased AVPV Kiss1 and Fos mRNA and LH responsiveness to kiss-10 injections suggests an interference preventing the canonical surge in the Bmal1 KO mice. Williams et al. [3] showed that in the Syrian hamster, vasopressin administration could drive the increase in AVPV Kiss1 and Fos mRNA and in the morning and afternoon, speculating that a vasopressin signal originating in the SCN drives this phenomenon. In our study, we found that increased Kiss1 and Fos mRNA in the AVPV of Bmal1 KO mice was not sufficient to produce an LH surge. This finding suggests that the time-dependent rise in AVPV Kiss1 and Fos mRNA may not be a Bmal1-dependent process. Coupled with our findings that Bmal1 KO mice have increased LH responsiveness to kiss-10, these findings may indicate that Kiss1-GnRH connectivity or coordination is altered in Bmal1 KO mice. However, conditional KO of Bmal1 in either Kiss1 or GnRH neurons alone is insufficient to reproduce the loss of LH surge or the heightened kisspeptin responsiveness observed in the Bmal1 KO females.
The greater maximal effect of kisspeptin injections on LH release in the Bmal1 KO females in the absence of a change in EC50 suggests a greater efficacy of kisspeptin in evoking LH release in Bmal1 KO females than in WT females. Exogenous kisspeptin administration is thought to stimulate LH release through actions on GnRH neurons [44] . Because we do not see an increase in the LH response to GnRH, it is likely that the effects are occurring upstream of the pituitary at the level of GnRH neurons. A greater bolus of GnRH release in response to kisspeptin would be consistent with our findings from the dose-response curve, although in vitro evidence from other groups suggests dampened GnRH release in response to kisspeptin administration in explants from Bmal1 KOs [45] . However, this may not be the case in vivo. We found that Bmal1 KO mice had an even greater LH response to kisspeptin in a second kiss-10 challenge repeated an hour after the first. If the enhanced effect had been abolished in the second challenge, it may have indicated that receptor desensitization drives the initial robust effect. Instead, the facilitation of the LH response in the second trial may represent changes in Kiss1R in GnRH neurons, changes in downstream receptor signaling/ peptide release, or enhanced facilitation of GnRHR in the pituitary. Future studies are needed to determine the exact mechanism of increased kisspeptin responsiveness in the Bmal1 KO mice.
We found no evidence of disrupted fertility in the Kiss1-Bmal1 2/2 and GnRH-Bmal1
females. In Kiss1 neurons, cell-autonomous circadian rhythms have been described [7] . However, we find no impairment in fecundity or the generation of the LH surge of these mice. In GnRH neurons, endogenous clocks have been described in vivo and shown to be important for GnRH release in vitro [46] . The Kiss-Cre line expresses Cre in "virtually all" Kiss1 neurons [24] and has been used to produce Kiss1 neuron-specific deletions by a number of groups [47] , and the Bmal1 fl/fl mouse has been shown to ablate Bmal1 function following Cre exposure in a variety of tissues [16, 19, 48] . Owing to the absence of a well-validated, commercially available Kiss1 antibody, we could not directly measure the efficiency of KO in positively identified Kiss1 neurons; however, we showed Bmal1 recombination in micropunches from the AVPV and ARC but not elsewhere in the brain. Therefore, it is possible that inefficient Bmal1 recombination in Kiss1 neurons is enough to maintain circadian regulation in these neurons. The GnRH-Cre line used has been validated by multiple groups [49, 50] , and Cre is detected in~85% of GnRH neurons [23] . We found no GnRH and Bmal1 colocalization in three of the four GnRH-Bmal1 2/2 mice we measured, although one mouse did show Bmal1-containing neurons. These may represent the ;15% of GnRH neurons that do not express Cre in this line. Based on our findings of increased AVPV Kiss1 mRNA prior to the time of the surge in the whole-body KO, we would expect that the LH surge is blocked in the Bmal1 KO by abnormal circadian gating at the level of GnRH neurons; however, we find that these animals are fertile and able to produce an LH surge at the correct time Gonadotrope-specific Bmal1 KOs and theca cell-specific Bmal1 KOs display abnormal estrous cycling in light/dark conditions [16, 51] , but it is possible that the use of light/dark conditions may mask a fertility phenotype in the Kiss1-Bmal1 2/2 and GnRH-Bmal1 2/2 mice. We addressed this possibility by examining ovarian histology. Because mice can entrain to daily vaginal smears, we used ovarian histology after 6 weeks of constant darkness to determine whether the mice were still showing signs of ovulation, as measured by corpora lutea and Graafian follicles. We found no evidence of disruption through these markers. The increase in Graafian follicles in constant darkness has previously been reported in gerbils [52] . Because this cohort of mice was housed in a separate facility under different conditions, it is entirely possible that this effect is technical rather than biological.
Although it is possible that we may have missed more subtle effects that could be detected by daily vaginal cytology, these findings reiterate the absence of a gross reproductive phenotype in these conditional KOs. One possibility for our findings is that the functional SCN provides all of the temporal signaling necessary to drive the LH surge in the Kiss1-Bmal1
and GnRH-Bmal1 2/2 mice. Certainly, the necessity of the SCN in the generation of the LH surge has been repeatedly demonstrated, but these findings may hint that rhythms in the SCN alone are sufficient to drive the surge. Another possibility is that a Bmal1-independent oscillator is sufficient to drive the surge. Ultradian GnRH expression, for instance, is thought to be regulated independently of the canonical circadian clock [45] . Alternatively, it is possible that the "negative arm" of the circadian clock instead regulates the circadian aspect independently of Bmal1, such as Per2 activation by estrogens [53] . Another possibility is that, although the Cre mice used are known to target the vast majority of the respective populations, residual Bmal1 function in remaining neurons is sufficient to time the preovulatory LH surge.
Overall, our findings begin to decouple the contribution of extra-SCN molecular clocks to the generation of the preovulatory LH surge and fertility. Conditional KO of Bmal1 in either GnRH or Kiss1 neurons using Cre-Lox technology is insufficient to disrupt the LH surge and fertility, suggesting a role of direct SCN projections to these populations to drive fertility. However, it remains unclear whether the absence of a detectable LH surge in the Bmal1 KO arises because of altered neural circuitry or a truly canonical circadian effect.
